a Contribution of surface functional groups and detailed interface interaction for biosorption of strontium ions by Saccharomyces cerevisiae under culture conditions was investigated through chemical modification, in addition to spectroscopic and mesoscopic methods. The results showed that the biosorption ratio decreased approximately 10%, 60%, and 70% for ester group, carboxyl group, and amino group modified yeast cells, respectively. Fourier transform infrared spectroscopy and surface functional group potentiometric titration results revealed that -NH 2 , -COOH, and -OH were the major binding groups. The amino group displayed the greatest contribution to biosorption of strontium ions, followed by the carboxyl group and, finally, the ester group. Electrostatic interaction was the initial role and establishment of a coordination complex was the most common mechanism of interface interaction between strontium ions and the yeast cell surface. Mesoscopic analysis suggested that strontium ions may be first adsorbed on the cell surface and then transported into the cytoplasm. Transmembrane transport and the bioaccumulation model revealed that yeast cells may regulate the distribution of strontium ions through a transportation mechanism. A detailed interface interaction was discussed for S. cerevisiae biosorption of low concentration strontium ions under culture conditions. The results suggested that optimal biosorption for a microorganism relies upon enrichment of proteins and polysaccharides on the cell surface.
Introduction
The biosorption of strontium ions has been carried out with different biomasses. [1] [2] [3] [4] [5] [6] However, the mechanism underpinning the biosorption interface interaction is not fully understood, particularly with respect to following points. (1) Electrostatic interaction and ion exchange: electrostatic interactions are thought to exist in many instances of biosorption for heavy metals. 7, 8 However, this is not the main contributing factor for biosorption. 7 2+ and Pb 2+ through coordination and complexation. 13, 14 (3) Bioaccumulation and precipitation: bioaccumulation is thought to be an active uptake process associated with cell metabolism.
1,6,15 Gola et al. (2016) observed that multiple heavy metal ions underwent bioaccumulation in the fungi Beauveria bassiana. 16 Some mathematical models have been established to describe bioaccumulation process.
6,15 Krejci et al. (2011) proposed a "sulfate trap" model in Closterium moniliferum for coprecipitation of Sr 2+ and Ba 2+ . 5 Precipitation is a possible mechanism for biosorption of Cr, Cu, Zn, Ag, and other metal ions.
17-19 (4) Combination effects: mechanisms relating to electrostatic interactions, ion exchange, and similar phenomena oen work cooperatively. 7 Kazy et al. (2009) proposed an ion exchange, complexation and microprecipitation mechanism to explain the bioremoval of U and Th. 12 The surface complexation and electrostatic attraction played an important role in biosorption of Cd 2+ by Bacillus cereus, and bioaccumulation was the predominant mechanism for lower concentration metal ions. 20 However, a quantitative study on the contribution of surface functional groups to biosorption has not been reported in the literatures. Some studies investigated the role of functional a Life Science and Engineering College, Southwest University of Science and Technology, Mianyang 621010, China groups to biosorption using spectroscopic method. 2, 8, 14, [21] [22] [23] [24] The other reports indirectly proved that some functional groups were required for biosorption by pretreated biomasses. 10, [25] [26] [27] Besides these, few studies have focused on the interface interactions between metal ions and cell surface of microorganism under culture conditions. Such work will improve our understanding of the biosorption mechanism. It will also lay a foundation for better optimizing the biosorption process parameters and screening for microorganisms with higher biosorption efficiencies.
High concentration strontium ions (c 0 > 100 mg L À1 ) may form precipitate with culture medium, 4 while biosorption under culture conditions was a valid method for treatment of low concentration strontium ions. 4, 6 In this research, we evaluated the contribution of different functional groups to biosorption of strontium ions (c 0 # 100 mg L À1 ) by yeast cells before and aer shielding the functional groups. Interface interaction between strontium ions and yeast cell was investigated through a chemical modication method, followed by spectroscopic and mesoscopic analyses, as well as mathematical methods. A detailed interface interaction for the biosorption of low concentration strontium ions was discussed based on the results of this study and other ndings in the literatures.
Material and methods

Reagents and S. cerevisiae strain
All chemical reagents were of analytical grade. The strontium stock solution (500.0 mg L À1 ) was prepared by dissolving 1.258 g of strontium nitrate (Sr(NO 3 ) 2 ) in 1000.0 mL distilled deionized water. The yeast Saccharomyces cerevisiae was provided by the Experiment Center of Life Science and Engineering College at Southwest University of Science and Technology.
Chemical modications of S. cerevisiae cells
Chemical modications were carried out according to the literature as follows: 28 Ester group modication. 1.0 g yeast cell powder was added to 75.0 mL acetone (CH 3 COCH 3 ). The mixture was reuxed for 6 h at 60 C. The mixture was then washed three times with ddH 2 O. The cell suspensions were centrifuged (RT, 20 min, 4000 rpm). Pellets were collected and dried at 60 C, and the prepared samples were ground for analysis and biosorption processing, the same below. Carboxyl group modication. 1.0 g yeast cell powder was added to 50.0 mL methanol (CH 3 OH) and 0.5 mL concentrated nitric acid (HNO 3 ). The mixture was reacted on a rotary shaker at 150 rpm at 30 C for 6 h. The mixture was washed three times with ddH 2 O. The cell suspensions were collected. Amino group modication. 1.0 g yeast cell powder was added to 40.0 mL formic acid (HCOOH) and 20.0 mL formaldehyde (HCHO). The mixture was reacted on a rotary shaker at 150 rpm at 30 C for 6 h. The mixture was washed three times with ddH 2 O. The cell suspensions were collected.
Control yeast cells were centrifuged (RT, 20 min, 4000 rpm). The pellets were collected and dried at 60 C.
Characterization of yeast cell characteristics before and aer chemical modication
The acidity constant and site density for yeast cell surface functional groups before and aer chemical modication were measured with potentiometric titration using an autotitrator (ZDJ-4B, China) according to literature. 27 The data was tted with program ProtoFit Version 2.0. 27, 29 The cell viability assays was carried out with uorophores SYT09 and propidium iodide (PI) dual staining (ThermoFisher), which was observed through confocal laser scanning microscope (Leica TCS SP8), as well as MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, Beyotime, China) assay according to literatures. The calculated volumes of strontium stock solutions were mixed with suspensions of S. cerevisiae cells prepared as described above to yield the following starting concentrations of strontium ions: 0.0, 10.0, 50.0, and 100.0 mg L À1 . Aer a preset biosorption time, cell suspensions were centrifuged (RT, 15 min, 4000 rpm). Supernatants were collected to quantify the concentration of residual strontium ions. The pellets were collected for analysis of the interface interactions between S. cerevisiae cells and strontium ions. The biosorption ratio (R) was calculated according to the following eqn (1): Fourier transform infrared (FTIR, Nicolet-5700, THERMO) and scanning electron microscopy (SEM, Leica-S440; Ultra 55, ZEISS) samples were prepared and analyzed according to a previous report. 4 Atomic force microscopy (AFM, SPA300HV, Seiko Instruments) samples were prepared and analyzed according to the literature. 18 Microstructures on the cell surface were observed by JEOL JSM-6700F eld-emission scanning electron microscopy (FESEM) at Hefei National Laboratory for Physical Sciences at the Microscale (HFNL), Hefei, Anhui.
Transmission electron microscopy (TEM, Tecnai G 2 F20 S-TWIN, FEI) was carried out at Analysis and Testing Center of Sichuan University, Chengdu, Sichuan.
Results and analysis
3.1 Changes in the functional groups and cell's viability of chemically modied S. cerevisiae
The FTIR spectrum of untreated yeast showed some characteristic peaks normally associated with the presence of microorganisms (Fig. 1a) represented the vibration absorption of the polysaccharide skeleton glycitols (-C-OH) and the stretching peak of -C-O-P. 8, 24, 25, 27, 33 Compared to the control group, the FTIR spectrum for ester group modied yeast cells (Fig. 1a) showed that the hydroxyl group blue-shied by 7 cm À1 . The amide I and amide II bands red-shied by 9 cm À1 and 7 cm À1 , respectively. The -C-O-P suggested that the amino group modication mainly shielded the amino groups of the amide groups and other amino groups.
The above results showed that these three chemical modications affected the carbonyl group, amide group, amino group, phosphate ester bond, and hydroxyl group. This may be due to the high concentration of protein in dried yeast cells.
34
In order to investigate the cell viability before and aer chemical modication, live/dead cell uorophores SYT09 and PI dual staining and MTT assay were utilized. Under exciting of 488 nm laser, green uorescence produced by binding of SYT09 and cell DNA molecules indicated the live cells, red uorescence produced by binding of PI and cell DNA molecules indicated the dead cells or cell membrane breakdown. Fig. 2a showed that the Fig. 1 Changes of functional groups for chemically modified S. cerevisiae cells and effect on biosorption of strontium ions. Note: (a) FTIR spectra of control S. cerevisiae cell and ester group, carboxyl group as well as amino group modified S. cerevisiae cells; (b) changes for biosorption efficiency (R) of strontium ions by control and chemically modified S. cerevisiae cells. control yeast cell presented good viability. Fig. 2b and d showed that the chemical modication decreased the cell's viability, the dead cells or cell membrane breakdown cells could be found. The carboxyl group modied yeast cells did not react well with uorophores due to hydrophobicity, so, the effect of chemical modication was not remarkable (Fig. 2c) . The MTT results showed that the cell's viability was 52.7%, 12.6% and 45.1% of that to control yeast cells for ester group, carboxyl group and amino group modied yeast cells, respectively. In combination with the results of SEM (in Section 3.6), chemical modication of functional groups would decrease the cell's viability, but did not greatly change the structure of yeast cells. So, chemical modication is a valid method to investigate the contribution of functional groups for biosorption.
The effects of chemically modied S. cerevisiae on biosorption of strontium ions and site density changes of functional groups
To analyze the contribution of different functional groups to biosorption of strontium ions, the biosorption ratio (R) was calculated. The results (Fig. 1b) showed that the control group yeast cells had an R of 80%, while the R for ester group, carboxyl group and amino group modied yeast cells decreased about 10%, 60% and 70%, respectively. This indicated that the amino group and carboxyl group were the main functional groups for biosorption. In order to investigate the site density changes of functional groups, the acidity constant and site density for yeast cell surface functional groups before and aer chemical modication were measured with potentiometric titration.
Potentiometric titration curves (Fig. 3a) showed that the consuming amount of titrant NaOH decreased greatly for yeast cells aer carboxyl and amino groups modied, which indicated the decrease of surface reactive functional groups. When functional groups were modied, the site density for different functional groups also changed (Fig. 3b) . The site density of ester group modied yeast cell was similar to that for control yeast cell, but the hydroxyl group increased greatly due to hydrophobic decrease by acetone extraction. While the carboxyl and amino group modied yeast cells shielded most surface reactive functional groups compared to control yeast cell. Furthermore, the chemical modication caused the functional group's pK a (acidity constant) shi. This was similar to the results for chemical modication of demulsifying bacteria, 35 but contrary to some pretreated biomass. Zhang et al. (2010) showed that the site density of carboxyl and amine groups on the ethanol and caustic-pretreated biomass was higher than pristine biomass due to the more exposed functional groups by ethanol corroding or sodium hydroxide catalysis. 27 Cho et al. So, above results suggested that the contribution of yeast cell surface functional groups to biosorption of strontium ions was greatest for the amino group, followed by the carboxyl group and, lastly, the ester group. This result was similar to previous reports. 28, 37 3.3 Zeta potential (z) value changes for different S. cerevisiae cells before and aer biosorption of strontium ions Markiewicz et al. (2013) thought that adsorption rely on not only electrostatic attraction but also hydrophobicity of adsorbents, which can be characterized with zeta potential (z) values. 38 The results in Fig. 4 showed that the control yeast cells (unmodied) were charged with a large amount of negative charge in this research conditions. Zeta potential values increased for ester group and carboxyl group modied yeast cells, which suggested that the surface negative charge decreased aer modication. But the zeta potential value of amino group modied yeast cells changed to positive (about +11 mV). These variations were consistent with the changes of biosorption ratio. That is to say, the positively charged amino group modied yeast cells was difficult to adsorb cation (Sr 2+ ), the biosorption ratio decreased most greatly (about 70%, Fig. 1b ) compared to that of control So, the changes of zeta potential indicated that electrostatic interaction was the initial role for yeast cell to adsorb strontium ions.
The interaction
For the control group (Fig. 5a ), the hydroxyl and amino groups red-shied by 25 cm . This indicated that the carbonyl group gradually substituted the hydroxyl group during the biosorption process. 25 This suggested that the electrostatic interactions were converted into covalent bonds. In addition, the peaks at 2853 cm
À1
, 1455 cm
, and 1079 cm À1 disappeared. This indicated that the phosphate ester group may bind strontium ions. For the ester group modication (Fig. 5b) , the hydroxyl and amino groups red-shied by 8 cm À1 aer biosorption. The amide I band blue-shied by 11 cm
. These results suggested that the amino, carboxyl, and hydroxyl groups were the main biosorption functional groups on the surface of yeast cells aer ester group was modied.
For the carboxyl group modication (Fig. 5c) (Fig. 5d) , the results showed that the hydroxyl group blue-shied by 18.8 cm À1 . The amide I band blue-shied by 8 cm
. The n C-O and dn C]O of -COOH red-shied by 10 cm À1 . These results indicated that the O of -C]O or -OH constituted the primary binding site during strontium biosorption for amino group-modied yeast cells. Based on the above results, the coordinated complexation form for interface interactions between strontium ions and functional groups during biosorption could be described as follows:
Specically, the strontium ions may coordinate with the O of -C]O or -OH and the N of -NH, -C-N, or -NH 2 in various molecules, such as proteins, chitins, and polysaccharides.
The interactions between strontium ions and the functional groups of S. cerevisiae under culture conditions
Aer biosorption of strontium ions, the FTIR for low initial strontium ion concentration group (c 0 ¼ 10 mg L À1 ) did not show a signicant difference compared to the control groups (Fig. 6 ). Under relative high initial strontium ion concentration conditions, the hydroxyl group red-shied. For example, the hydroxyl group red shied by 13 cm and disappeared at high concentration of strontium ions aer biosorption.
The results of FTIR under these culture conditions also suggested the formation of an interface interaction involving coordinated complexation between strontium ions and yeast cells during biosorption, as described above.
Mesoscopic analysis of the interface interaction for strontium ion biosorption by S. cerevisiae under culture conditions
Compared to control cells (Fig. 7a) , SEM results ( Fig. 7b-d) showed that the chemically modied yeast cell surface did not display obvious changes. This is in contrast to the morphology of other chemically pretreated or modied cells. For example, caustic pretreatment typically makes cells corrugated and rough, and the cell volume oen decreases.
27
SEM (Fig. 7e-g ) also showed that the strontium ions did not cause obvious cell damage to S. cerevisiae under culture conditions. This is in contrast to the toxic effects of other heavy metal ions on cells. 16, 40 There was almost no difference in the morphology between the control group and the strontium ion biosorption groups, but few particles could be observed on the cell surface. The nanoscale results showed that the strontium ions formed some type of precipitate on local surface, but this was not in signicant amounts when c 0 (Sr) # 100 mg L À1 (Fig. 7h and i) . The EDS (Fig. 7g) showed that strontium ions were biosorbed on the cell surface.
The characteristics of the yeast cell surface before and aer biosorption were investigated at high resolution by AFM analysis. The yeast cell surface in the control group was smooth, and no large folds or particles were observed (Fig. 8a and e) . The yeast cell surface displayed signicant changes aer biosorption of strontium ions (Fig. 8b-d and f-h ). Many nanoparticle-like structures appeared on the cell surface. The particle sizes correlated with the initial concentrations of strontium ions, which is similar to the results of other studies. 12, 16, 18, 20, 41 The average particle size was 2731 nm 2 , the average particle diameter was 58.96 nm, and the average particle number was 182 for c 0 (Sr) ¼ 50 mg L À1 group. Meanwhile, for the c 0 (Sr) ¼ 100 mg L À1 group, the values were 4487 nm 2 , 75.59 nm, and 77, respectively. The number of particles decreased, but the diameter of the particles increased when culture time increased (Fig. 8d and h ). This result further displayed that the strontium ions interacted with surface of yeast cells under culture conditions. TEM of control group (Fig. 9a) showed that yeast cells had a completely spherical morphology. The mitochondria in the cytoplasm were uniformly arranged around the cell membrane. There was a large vacuole near the nucleus with low electron density. Some tubular structures were observed, which may be formed through the folding of the inner membrane (Fig. 9b ).
42
The cell structures aer biosorption were similar to the control group's (Fig. 9c) . However, the cell wall and membrane structure changed substantially (Fig. 9d) . The cell wall and membrane displayed distinct jagged folds. We speculate that the structure and permeability of the cell wall and membrane are changed aer biosorption of strontium ions. 20, 43, 44 The shrinkage of the cytoplasm is also thought to be an adaptive response to heavy metal ion stress. 43, 44 At the same time, cell vacuole inclusions appeared to have a crystal-like structure of high electron density aer biosorption of strontium ions (Fig. 9e) . The EDS results (Fig. 9f) showed that the strontium content in the control group cells was at trace levels. The EDS of the cell wall and membrane for the 100 mg L À1 group showed that these structures contained some strontium, but high levels of strontium could not be detected in the crystal-like structures of the cytoplasmic vacuoles. This might be because the amount of strontium ions bioaccumulated in cytoplasm is very low.
4
Cumulatively, the TEM results suggested that strontium ions may be rst adsorbed on cell wall and membrane, and then transported into the cytoplasm where they are stored in cytoplasmic vacuoles.
Transmembrane transport and bioaccumulation of strontium ions by S. cerevisiae under culture conditions
We have proposed the following mathematical kinetics model for the transmembrane transport and bioaccumulation under culture conditions,
where k pas , k act , and k Me are the effect coefficients of c pas , c act , and c Me on the bioaccumulation of yeast cells, respectively. X(t) (g) is the dry cell weight.
4,6
We have quantied the adsorption and bioaccumulation of strontium ions by yeast cells at different preset times under culture conditions. 4 The tting curve and the parameters (Fig. 10 ) indicated that transmembrane transport and bioaccumulation varied according to strontium ion concentrations. When strontium ion concentration was very low (c 0 ¼ 10 mg L À1 ), the negative k pas factor and positive k act /k Me factors facilitated an increase in strontium ion transport into the cytoplasm. When strontium ion concentration was relative high (c 0 ¼ 100 mg L À1 ), the concentration of strontium ion on cell walls (c pas ) was a positive factor (k pas > 0) to facilitate the strontium ions transport into the cytoplasm, but the concentration of strontium ion in cytoplasm (c act ) was a negative factor (k act < 0) to inhibit the strontium ions entrance.
4. Discussion: interface interaction for biosorption of strontium ions by S. cerevisiae under culture conditions
To study the interface interactions between strontium ions and yeast cells, the contribution of functional groups, the bonding mode, and the transmembrane bioaccumulation required for biosorption were investigated. The results showed that binding to functional groups on yeast cells and transmembrane transport were the major interface interactions required for biosorption of low concentration strontium ions. The cell surface was the major interface for biosorption and surface functional groups contributed substantially to biosorption. Many studies have shown that the cell surface are the main sites for biosorption of metal ions. 4, 6, 45, 46 The quantity of strontium ions adsorbed on the cell wall was greater than 90% for Scenedesmus spinosus 6 and S. cerevisiae. 4 Latha et al. (2005) showed that Neurospora crassa adsorbed more than 90% of the cobalt ions on the cell wall, and this amount decreased for mutant N. crassa strains. 46 Some reports have revealed that pretreated biomass has higher biosorption efficiency due to the exposure of more functional groups on the biomass surface.
27
Pretreatment of baker's yeast with ethanol and caustic soda produced a higher biosorption efficiency for Cu 2+ than untreated baker's yeast. 27 However, some modication can decrease biosorption efficiency. For example, the biosorption of Pb 2+ , Cd 2+ , and Cu 2+ by A. niger signicantly decreased aer esterication of carboxyl groups or methylation of amino groups. 10 In this study, the biosorption ratio decreased by about 10%, 60% and 70% for ester, carboxyl, and amino groups modied yeast cells, respectively. This supports previous reports that the amino and carboxyl groups are the main functional binding groups for biosorption.
25,41
Coordination between metal ions and surface functional groups were the common forms for interface interactions during biosorption. Cu 2+ may be coordinated by the N in the -NH group and by the O of the -OH group in chitosan-cellulose beads 23 and adsorbed on the yeast cell wall by -CONH-/-COO with O atom of uronic acid residues may involve two uronic acid anions, each of which bind La 3+ through the C(6) and C(6 0 )
carboxyl oxygen atoms and two C(5) ring oxygen atoms as a fourcoordination model.
47
In this research, the 1725.4 cm
aer biosorption of strontium ions, which suggested that the O atom may participate in the coordination with strontium ions.
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Furthermore, if the strontium ion concentration was higher and the biosorption time was longer, the N atom likely participates in the coordination with strontium ions. Some metal ions may be transported into the cytoplasm. Gola et al. (2016) showed that visible dark spots were observed in the cytoplasm in the presence of heavy metal ions. 16 Purchase et al. (2009) found electron-dense areas localized at the cell wall, cytoplasm, and in the culture medium of B. bassiana when these cells were grown in the presence of Pb 2+ . 48 The bioaccumulation models 6,20 also suggested that the energy-dependent efflux system controlled heavy metal ion homeostasis, which can act as a detoxifying mechanism.
49,50
Based on above results and other literatures, we propose an interface interaction process (Fig. 11) for biosorption of low concentration strontium ions by S. cerevisiae under culture conditions. 20, 33, 34, 41, [51] [52] [53] Strontium ions are rst adsorbed on the cell surface (Fig. 11) , and then some strontium ions are transported into the cytoplasm and stored in vacuoles. The yeast cells transport some strontium ions out of the cytoplasm when intracellular strontium ion concentration is high. Electrostatic interaction was the initial role for yeast cell to adsorb strontium ions. Coordination between strontium ions and yeast cell surface functional groups was a common form for interface interaction during biosorption. The S. cerevisiae cell wall is mainly composed of mannoprotein (constituting 40% of the cell wall mass, the same below), b-1,3-glucan (50%), b-1,6-glucan (10%), and chitin (1-3%).
34 Strontium ions can be coordinated by the N atom in the -NH-group in mannoprotein or chitin. It can also be partly coordinated by certain membrane proteins and the O atom in the -OH and -C]O groups of glucan, mannoprotein, and chintin as a mononuclear six-(or four-) coordinate model. The other coordination atoms included the O atom of the C]O group in asparagine, the N atom of the -NH-group, and the O atom of the -C]O group in N-acetylglucosamine unit. Besides these, the carboxyl groups of some acidic amino acid residues can form carboxylate with strontium ions. 
Conclusions
Five principle conclusions were reached in this study. First, the -NH 2 , -COOH, and -OH groups, as well as the -PO 2 À group, were the main functional groups on the yeast cell surface mediating biosorption, and the extent of contribution could be ordered as follows: -NH/-OH > -COO À > -COOC-. Second, strontium ions may coordinate with the O of -C]O or -OH and the N of -NH, -C-N, or -NH 2 from protein and chitin. Third, the mesoscopic analysis and bioaccumulation model indicated that strontium ions may be transported into the cytoplasm, in addition to participating in adsorption. Fourth, the interface interaction mechanism for biosorption suggests that low concentration strontium ions may be adsorbed on the cell surface as a result of electrostatic interaction, coordination or bioaccumulate in the cytoplasm under culture conditions. Fih, the optimal biosorption microorganism should be enriched for proteins and polysaccharides on the cell surface.
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